The Drosophila spinster (spin) gene product is required for programmed cell death in the nervous and reproductive systems. We have identified a human homologue of the Drosophila spin gene product (HSpin1). HSpin1 bound to Bcl-2 and apoptosis regulator Bcl-X (Bcl-x L ), but not to proapoptotic members such as Bcl-2-associated X protein and Bcl-2 homologous antagonist killer, in cells treated with TNF-a. Exogenous expression of HSpin1 resulted in the cell death without inducing a release of cytochrome c from mitochondria. Overexpression of Bcl-x L inhibited the HSpin1-induced cell death. Interestingly, a necrosis inhibitor, pyrrolidine dithiocarbomate, but not the pancaspase inhibitors, carbobenzoxy-VAD-fluoromethyl ketone and p35, blocked the HSpin1-induced cell death. HSpin1-induced cell death increases autophagic vacuole and mature form of cathepsin D, suggesting a novel caspase-independent cell death, which is link to autophagy.
Introduction
Important regulators of programmed cell death (PCD) are the Bcl-2 family proteins.
1,2 Bcl-2 was first recognized as a modulator of cell death in studies of follicular B-cell lymphoma, in which overexpression of Bcl-2 promoted transformation by rendering cells more resistant to apoptosis. The antiapoptotic activity of Bcl-2 has been observed in numerous cell types in response to various stimuli. Pro-and antiapoptotic members of the Bcl-2 family interact with one another and modulate each other's activities. 3 In fact, the relative levels of these proteins in a cell determine whether a cell will live or die.
Apoptotic signal transduction has been extensively studied biochemically and genetically, and it is now known that a family of cysteine proteases with aspartate specificity is the major effector of the process. 4 Caspases are synthesized as inactive precursors and are proteolytically activated upon exposure to apoptotic stimuli. Caspases are classified into two groups, initiators and effectors. Once the initiator caspases are activated by their formation of a complex with other molecules, they induce the processing of downstream caspases, which cleave a set of cellular proteins, leading to morphological changes and the degradation of chromosomal DNA.
In contrast to apoptotic cell death, the molecular mechanism for necrosis is not well understood, although several mechanisms, including the release of lysosomal enzymes, the generation of toxic oxygen radicals, and the activation of calcium-dependent phospholipases, have been proposed. 5 Necrosis occurs as a result of complement attack, severe hypoxia, hyperthermia, lytic viral infection, or exposure to various toxins and respiratory poisons. Tumor necrosis factor 1 (TNF1) can activate the necrotic death program in some cell lines, such as the mouse L929 cell line. 6 The involvement of necrosis in the removal of interdigital cells in the mouse embryo has also been suggested. 7 Therefore, both apoptosis and necrosis contribute to PCD.
This study demonstrates that HSpin1, the human ortholog of Drosophila Spin, plays a critical role in necrotic cell death in cultured human cells. The spin gene was originally identified in Drosophila as its mutant forms caused behavioral and developmental defects because of partial loss of PCD in the reproductive and nervous systems. [8] [9] [10] The Spin protein has multiple membrane spanning domains with no significant homology to any of the membrane proteins of known function. 9 We present evidence that the HSpin1 protein binds to anticell-death proteins Bcl-2 and apoptosis regulator Bcl-X (Bcl-x L ), and induces caspase-independent cell death. The killer effect of HSpin1 is blocked by pyrrolidine dithiocarbamate (PDTC), an inhibitor of caspase-independent necrosis. 11 Thus, our study revealed a novel mechanism for necrosis, in which HSpin1 operates as an ON-OFF switch for effector functions.
Results

HSpin1 induces cell death that is inhibited by Bcl-x L
To characterize the cell-death-inducing activity of HSpin1, we transiently transfected HEK293 cells with a plasmid that encodes HSpin1 cDNA fused to GFP (GFP-Hspin1). When cell death was assessed by the propidium iodide (PI) exclusion method, HSpin1 was indeed found to induce cell death. As shown in the left panel of Figure 1a , most of the cells expressing GFP-HSpin1 (green) were stained by PI (red), indicating disintegration of the plasma membrane. The level of the cell-death-inducing activity of HSpin1 was comparable with that of Bcl-2-associated X protein (Bax), a proapoptotic Bcl-2 family member ( Figure 1b ). Since cell death was not induced when the cells were transfected with GFP alone, the cell death observed in HSpin1-transfected cells was specific and not because of the cytotoxic effect of lipofection. Importantly, coexpression of Bcl-x L , an antiapoptotic Bcl-2 family member, markedly inhibited HSpin1-induced cell death (Figure 1a , right panel and Figure 1b ). Similar results were obtained when HeLa cells were used for this assay (data not shown). In Drosophila, the spin gene function is required for the normal development of the reproductive and nervous systems 9 . Interestingly, both HEK293 and HeLa cells have endogenous HSpin1 expression. This suggests that HSpin1 is ubiquitously expressed in human tissues. Our Northern blot analysis indicated that this was indeed the case ( Figure 1c ). HSpin1 was expressed in all tissues examined, particularly at high levels in prostate, testis, and cerebellum.
HSpin1 is expressed localized in mitochondria and is partially colocalized with Bcl-2 and Bcl-x L Using our anti-HSpin1 antibody, immunoreactivity was detectable only after the cells were treated with apoptotic stimuli, such as tumor necrosis receptor a (TNF-a) and cycloheximide (CHX), implying that the epitope in HSpin1 was inaccessible to the antibody unless cell-death signaling was initiated (Figure 2a , middle panels). Similar observations have been reported for other proapoptotic molecules such as Bax and Bcl-2 homologous antagonist killer (Bak): some antibodies raised against these proteins are reactive to their respective antigens only in cells undergoing apoptosis. 12, 13 Following the treatment of cells with TNF-a and CHX, HSpin1 was observed as punctate perinuclear staining that colocalized with the ironsulfur subunit of succinate dehydrogenase (SDH), an innermembrane protein of mitochondria, 14 although a considerable amount of HSpin1 was also present throughout the cytoplasm (Figure 2a , right panels). This indicates that HSpin1 is present in mitochondria. HSpin1 fused with GFP was also found to be present in mitochondria when cells were stained with an antibody against cytochrome c, another mitochondrial protein (Figure 5b , details will be discussed later). Since Bcl-x L inhibited HSpin1-induced cell death, we next determined whether HSpin1 is colocalized with Bcl-x L and another antiapoptotic protein, Bcl-2, that are also regarded as mitochondrial proteins. As shown in Figure 2b , following the treatment of HeLa cells with TNF-a and CHX, endogenous HSpin1 was observed to colocalize with GFP-fused Bcl-2 and Bcl-x L .
HSpin1 binds to Bcl-2 and Bcl-x L , but not to Bax and Bak
Having found that HSpin1 is colocalized with Bcl-2 and Bcl-x L , an intriguing question arises as to whether HSpin1 physically interacts with these proteins. Proteins were prepared from HEK293 cells transfected with pGFP-Bcl-2 or pGFP-Bcl-x L for immunoprecipitation with an anti-GFP antibody. Endogenous HSpin1 was coimmunoprecipitated with both Bcl-2 and Bcl-x L , interestingly however, only in the presence of TNF-a and CHX (Figure 3a ). This indicates that HSpin1 binds to Bcl-2 and Bcl-x L in an apoptotic stimulus-dependent manner. In contrast, HSpin1 did not interact with Bax and Bak, which are proapoptotic members of the Bcl-2 family, even in the presence of TNF-a and CHX (Figure 3b ). This is similar to bcl-2 homology 3 (BH3) -only proteins, members of the Bcl-2 family that have only one of the Bcl-2 homology regions: Bad, Bim and Rad9 bind to prosurvival but not to proapoptotic Bcl-2 family members.
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HSpin1 interacts with Bcl-x L via a BH3-like region Close to its N terminus, HSpin1 has a stretch of amino acids that show low homology with the BH3 domain (Figure 4a ). In this BH3-like domain, the hydrophobic residues implicated in the interaction with prosurvival Bcl-2 proteins are conserved from Drosophila to humans (underlined). 18 To test whether the BH3-like domain of HSpin1 is essential for the interaction with Bcl-x L , we engineered a deletion mutant of HSpin1 in which the BH3-like domain, including the hydrophobic residues described above (amino-acid residues 82-86), has been eliminated. The expression plasmid producing wild type or mutant HSpin1 fused to GFP and that producing Flag-tagged Bcl-x L were transiently cotransfected into HEK293 cells. Immunoprecipitates were prepared using an anti-Flag antibody, subjected to SDS-PAGE and analyzed by Western blotting with the anti-GFP antibody. As expected, the deletion of residues 82-86 completely eliminated the ability of HSpin1 to interact with Bcl-x L . The result was confirmed by a reciprocal experiment in which cell lysates were immunoprecipitated with the anti-GFP antibody and then analyzed by Western blotting using the anti-Flag antibody as a probe (Figure 4b ). Furthermore, this deletion mutant was also deficient in inducing cell death when introduced in HEK293 cells (Figure 4c) . Furthermore, the HSpin1 BH3 domain (amino-acid residues 78-93) alone fused to GFP was able to induce cell death when overexpressed in HEK293 cells (data not shown). Therefore, we concluded that the BH3-like region in HSpin1 is essential for both the interaction with Bcl-x L and the ability to mediate cell death. (5), frontal lobe (6), temporal lobe (7), putamen (8) , spleen (9), thymus (10), prostate (11), testis (12), ovary (13) , small intestine (14) , colon (15) and peripheral blood leukocyte (16), respectively. The lower panel represents the same blot hybridized with a human b-actin cDNA to confirm the RNA quality and relative amount of loading. RNA size markers are shown on the left
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Cell death induced by HSpin1 is not typical apoptosis
One of the integral events of apoptosis is the activation of caspases, a family of cysteine proteases that cleaves substrates required for cell survival and activates the DNase responsible for chromosomal degradation. 19 To test whether caspases are activated in HSpin1-induced cell death, we investigated the cleavage of poly (ADP-ribose) polymerase (PARP)-1, which is a substrate for caspase-3. 20 In a control experiment, full-length PARP-1 of 116 kDa was processed when HEK293 cells were treated with staurosporine (STS), a typical inducer of apoptosis, resulting in the production of a cleaved product of 85 kDa. In contrast, transfection of HEK293 cells with the gene encoding HSpin1 did not induce processing of PARP-1 (Figure 5a ), demonstrating that caspase is not involved in HSpin1-induced cell death. Another hallmark of apoptosis is the release of cytochrome c from mitochondria into the cytosol. 21 To further define the HSpin1-induced cell death, HeLa cells were stained for cytochrome c after transfection with a plasmid expressing HSpin1 or Bax. The cells expressing Bax showed diffuse staining for cytochrome c, indicating that cytochrome c had been released from mitochondria (Figure 5b , arrow). On the other hand, HSpin1-expressing cells retained the perinuclear punctate staining pattern of cytochrome c that colocalized with GFPHSpin1 (Figure 5b , arrowhead). Therefore, HSpin1-induced cell death is different from typical apoptosis in that cytochrome c is not released from mitochondria during this process.
HSpin1-induced cell death is caspase independent and autophagic
The roles of caspases in HSpin1-induced cell death were evaluated pharmacologically. Cell death caused by the overexpression of caspase-8 was indeed inhibited by carbobenzoxy-VAD-fluoromethyl ketone (zVAD-fmk), a broadspectrum caspase inhibitor ( Figure 6 ). However, HSpin1-induced cell death was unaffected by zVAD-fmk or by p35, another potent inhibitor of caspases encoded by baculovirus, 22 further demonstrating the caspase-independent nature of HSpin1-induced cell death ( Figure 6 ). Figure 6 Effects of a necrosis inhibitor, PDTC, and a caspase inhibitor, zVADfmk, on HSpin1-induced cell death. Cell killing as a result of HSpin1 overexpression (third to the left-hand-most graphs) is effectively blocked by PDTC (sixth graph) but not by zVAD-fmk or p35 (fifth graph). HEK293 cells were transiently transfected with 1 mg each of pGFP-caspase-8, pGFP-HSpin1, or pGFP-Bax in the presence or absence of either zVAD or PDTC as indicated. A measures of 2 mg of the plasmid encoding p35 was included in some transfections. At indicated time points after transfection, the percentages of dead cells among transfected cells (GFP positive) were determined using the PI dye exclusion method described in Figure 1 . Data are presented as the means7S.D. obtained from three independent experiments Compared with apoptosis, the molecular mechanism underlying caspase-independent or necrotic-PCD is less understood. PDTC, a metal chelator and antioxidant, has been reported to inhibit necrotic morphological changes induced by the Fas-associated protein with a death domain (FADD), although the molecular mechanism of its action has not been fully elucidated. 11 Interestingly, PDTC potently inhibited cell death caused by HSpin1 overexpression, whereas Bax-induced cell death was not inhibited by PDTC ( Figure 6 ). This suggests that HSpin1-induced cell death is more similar to necrosis than to apoptosis. Some types of necrosis are mediated by autophagy. 23 Autophagy is a normal degradative mechanism that involves the sequestration of cytoplasm and intracellular organelles into a membrane vacuole called the autophagosome. To test whether HSpin1-induced cell death is associated with the autophagic pathway, we used the autofluorescent drug monodansylcadaverine (MDC), a specific marker for autophagic vacuoles. 24 Accumulation of MDC was induced by the overexpression of HSpin1 (Figure 7a ) but not by caspase-8-induced apoptosis (Figure 7b) . It has been shown that the autophagic pathway is mediated by phosphatidylinositol-3-kinase (PI3-K). 25 As illustrated in Figure 7b , HSpin1-induced accumulation of MDC was blocked by wortmannin (WM), a PI3-K inhibitor. In fact, HSpin1-induced cell death was blocked by WM (Figure 7c ).
In the execution of autophagy, lysosomal proteinases such as cathepsin D play a crucial role. 26 We, therefore, assessed the possibility that cathepsin D is activated in cell death induced by HSpin1 overexpression. Activation of cathepsin D occurs after the processing of an inactive proenzyme through the formation of an intermediate form, followed by a final cleavage that creates the mature form. 27 The mature form of cathepsin D increased in amount with time (up to 72 h) after transfection of HEK293 cells with the transgene encoding Hspin1 (Figure 7d) . Furthermore, HSpin1-induced cell death was blocked by 50 mM pepstatin A, a cathepsin D inhibitor (data not shown).
Taking all of these findings together, we consider that HSpin1 is involved in a necrotic or autophagic cell-death pathway.
Discussion
We have demonstrated that HSpin1-induced cell death is not typical of apoptosis, in that it is not associated with the processing of PARP-1 and release of cytochrome c from mitochondria. Furthermore, we found that HSpin1-induced cell death was blocked by a necrotic inhibitor, PDTC, but not by the caspase inhibitors zVAD-fmk and p35. Nevertheless, HSpin1 binds to Bcl-2 and Bcl-x L , both of which are known to repress typical apoptosis. We hypothesize that HSpin1 binds to and titrates Bcl-2 and/or Bcl-x L , thereby promoting cell death.
Initially, Bcl-2 family proteins were identified as regulators of apoptosis. However, accumulating evidence suggests that they also regulate nonapoptotic caspase-independent PCD. For example, Bax can trigger both caspase-dependent andindependent cell death; it reduces the mitochondrial membrane potential, produces reactive oxygen species, and increases plasma membrane permeability in the presence of zVAD-fmk. 28 In addition, cell death triggered by nitric oxide (NO) was enhanced by Bax expression in a caspaseindependent manner and was prevented by Bcl-2. 29 Recently, Drob-1, a Drosophila member of the proapoptotic Bcl-2 family, has been reported to induce cell death that is resistant to p35, a broad-spectrum caspase inhibitor. 30 BNIP3, a member of the Bcl-2 family, has also been reported to induce cell death that is independent of Apaf-1 without caspase activation and cytochrome c release. Instead, BNIP3-induced cell death is characterized by extensive cytoplasmic vacuolation, and mitochondrial autophagy, 31 both of which are typical of necrosis. Therefore, the Bcl-2 family proteins are involved in cell death via caspase-independent as well as caspasedependent mechanisms. In this regard, it is not surprising that HSpin1 binds to certain antiapoptotic Bcl-2 family proteins, and that the ability of HSpin1 to bind to Bcl-2 correlated with its celldeath-inducing ability in the absence of caspase activation.
Interestingly, detection of Hspin1 by the anti-HSpin1 antibody used in our study occurred only after the cells were treated with apoptotic stimuli (Figure 2 ). When used against proteins denatured by detergents in Western blot analysis, the same antibody detected its antigen regardless of the presence or absence of apoptotic stimuli. The difference in reactivity of the antibody to the HSpin1 protein is probably because of its preference for the HSpin1 conformation in the active state. It can be envisaged that dissociation of an HSpin1-binding protein upon activation exposes the epitope so that the antibody can recognize it. It should be noted that the interaction of HSpin1 with Bcl-2 or Bcl-x L was only observed when the cells received cell-death signals. Therefore, it is intriguing to speculate that after receiving a cell-death signal, HSpin1 undergoes a conformational change, as has been observed for Bax and Bak, 12, 13 which would enable it to be targeted and integrated into membranes, in particular the mitochondrial outer membrane, where it binds to and inhibits antiapoptotic Bcl-2 family members.
In spin mutants, PCD is inhibited in the ovarian nurse cells that transport cytoplasmic components into the oocyte. Interestingly, the expression of Boo/Diva, a Bcl-2 family member, is highly restricted to the ovary and testis in adult mice, 32, 33 indicating its important role in the development of these reproductive tissues. In addition, other Bcl-2 family proteins, such as Mcl-1, Bcl-2, and Bcl-x, are expressed in ovarian tissues, 34 and Bcl-2-knockout mice have supernumerary primordial follicles. 35 Therefore, the interaction of HSpin1 with antiapoptotic Bcl-2 and Bcl-x L may mediate PCD occurring in developing gonads.
Cell death induced by HSpin1 is not only caspaseindependent but also characteristic of autophagy. First, cells killed as a result of HSpin1 overexpression stain with MDC, which indicates the occurrence of autophagy. Second, the killing effect of HSpin1 is blocked by WM, an inhibitor of autophagy. 24 The reduction in Bcl-2 expression in HL60 cells using antisense technology induced cell death as a result of autophagy, not apoptosis. 36 Caspase inhibitors did not rescue bcl-2-antisense-mediated autophagy. In addition, Beclin 1, a Bcl-2-interacting coiled-coil protein, promoted autophagy in human MCF7 cells. 37 Therefore, these observations are in agreement with the idea that HSpin1 binds to antiapoptotic members of the Bcl-2 family and inhibits their antiautophagic functions.
Autophagy regulates normal cell growth and differentiation through the degradation of cytosolic proteins. 38, 39 The initial step of autophagy involves surrounding cytoplasmic and organelle portions of the cell with a single isolation membrane. The fusion of the edges of the membrane sac forms a closed double-membrane structure, the so-called autophagosome.
Finally, the autophagosome fuses with a lysosome to become the autolysosomes. Within autolysosomes, the sequestered content is degraded by lysosomal hydrolases. Cathepsin D is located in and is processed or activated within acidic lysosomal and endosomal compartments. 40 Cathepsin D deficiency induces lysosomal storage of ceroid lipofuscin in mouse CNS neurons. 41 Interestingly, the accumulation of lipofuscin-like materials has been observed in the CNS of Drosophila in which the spin gene is mutated. 9 More recently, a zebrafish lethal mutant, not really started (nrs), was found to carry a loss-of-function mutation in a spin orthologous gene. 42 The nrs mutant embryos accumulate dark materials in the yolk sac prior to death, similar to lipofuscin-like deposits found in spin mutant neurons of Drosophila. This similarity in the phenotype between the zebrafish and Drosophila mutants suggests that the role of spin in cell-death signaling is also conserved in mammals. In this regard, our observation that cathepsin D is activated during HSpin1-induced cell death is intriguing, as it further implies a link between HSpin1 and cathepsin D in autophagic cell death.
Upon autophagic stimulation, depolarized mitochondria are known to move into autophagic vacuoles, 43 which ultimately fuse with lysosomes. In this process, GFP-HSpin1 localized in mitochondria (Figure 5a ) is likely to be incorporated into MDC-labeled autophagic vacuoles (Figure 7b ). Indeed, we found that LAMP-2, a lysosomal marker, was often colocalized with GFP-HSpin1 (H Yanagisawa, unpublished observation; see also Sweeney and Davis 53 ). LAMP-2 is localized in the limiting membrane of the autophagic vacuoles, which can be identified by its cytoplasmic contents (mitochondria). Cathepsin D is found in the space between the limiting membrane and the contents of vacuoles. 44 Thus, it is conceivable that HSpin1 interacts with lysosomal components through the activation of cathepsin D.
We consider that the HSpin1 protein contributes to the maintenance of cell number through autophagy. It is conceivable that impaired autophagy because of a disruption of the spin gene results in the accumulation of lipofuscin in lysosomes. Conversely, an increase in the HSpin1 expression level would cause excessive autophagic cell death. Experiments with mice deficient in the spin gene will allow us to substantiate the novel caspase-independent cell-death pathway proposed in this study. Autophagy and the abnormal accumulation of lipofuscin have been reported to occur in many neurodegenerative disorders such as Alzheimer, Huntington, and Parkinson diseases and in the aged brain. [45] [46] [47] [48] Therefore, studying the molecular basis of HSpin1 function will help understand the pathogenesis of neurodegeneration and the normal mechanism of aging.
Materials and Methods
Constructs
The human full-length HSpin1 gene was amplified by PCR from an EST cDNA clone 645298 using the primers EcoSpinF (5 0 -GGAATTC-CATGGCCGGGTCCGACACCGCG-3 0 ) and BamSpinR (5 0 -CG GGATCCCGGATGAGCACACTGGCCAC-3 0 ) (EcoRI and BamHI sites are underlined). The amplified product was digested with EcoRI and BamHI, and then subcloned into pEGFP-N1 (Clontech) digested with the same enzymes to generate pGFPHSpin1. pGFPmtHSpin1, which encodes a mutant HSpin1 devoid of five amino-acid residues, 82VLPDI86, was generated by deleting the corresponding DNA fragment with BsaHI and TaqI. The expression plasmids, pGFP-Bcl-2, pGFP-Bax and pGFPCasp8, have been described previously. 17, 49, 50 To generate pGFP-Bcl-x L and pSDH-GFP, cDNAs covering the entire coding region of human Bcl-x L and the iron-sulfur subunit of succinate dehydrogenase were obtained by RT-PCR using fetal brain mRNA (Clontech) and primers designed based on the reported sequences. DNA fragments obtained were then subcloned into expression plasmids pEGFP-C1 and pEGFP-N2 (Clontech). pBcl-x LFlag was kindly provided by John C Reed (The Burnham Institute). pcDNA-p35, generated from pCaspeR-hs-p35 51 by digestion with EcoRI and XbaI, was provided by Masayuki Miura (Brain Science Institute, RIKEN, Japan).
Reagents and antibodies
Human TNF-a was purchased from Clontech. STS, PI, and pepstatin A were purchased from Wako Pure Chemical Industries Ltd, Osaka, Japan. Except where noted, all other reagents were purchased from Sigma. 
Cell culture
HeLa and HEK293 cells were grown in Dulbecco's modified Eagle's medium (DMEM) containing 10% heat-inactivated fetal calf serum (FCS), 100 U/ml penicillin, and 100 mg/ml streptomycin at 371C in a humidified atmosphere of 95% air and 5% CO 2 .
Cell death assay
HEK293 cells growing on Lab-Tek chamber slides (Nalge Nunc International) were transfected with 1 mg each of the indicated plasmids using the Effectene reagent (Qiagen) according to the manufacturer's protocol. zVAD-fmk (Peptide Institute, Inc., Osaka, Japan) (50 mM) or PDTC (Sigma) (80 mM) was added in some experiments. At indicated time points after the transfection, cells were stained with 500 mg/ml of PI and the percentage of dead cells (stained by PI) among transfected cells (with green fluorescence) was determined. At least 400 cells were counted for each time point.
Northern blot analysis
'Multiple human adult tissue Northern blots' (Clontech, human MNT Blot II and human Brain MNT Blot II) were hybridized with the [a- 32 p]dATPlabeled HSpin1 or human actin cDNA in ExpressHyb hybridization solution (Clontech) at 681C. The membranes were washed under stringent conditions (0.1 Â SSC, 0.1% SDS, 501C) and exposed to X-ray film (Konica) at À801C with intensifying screens.
Immunofluorescence
Cells were fixed with 4% paraformaldehyde (PFA) in PBS (pH 7.4) for 30 min at 41C and permeabilized in 0.5% Triton X-100 in PBS for 30 min. After preblocking with 5% skim milk and 2% BSA for 1 h, cells were incubated with the anti-HSpin1 or anticytochrome c antibody, which was detected with Texas red-conjugated donkey anti-rabbit IgG or anti-mouse IgG. A fluorescent image was obtained using a confocal laser-scanning microscope (Model Radiance 2000, BIO-RAD).
Immunoprecipitation and Western blot analysis
For immunoprecipitation, cells were lysed in lysis buffer (150 mM NaCl, 10 mM Tris-HCl, pH 7.4, 5 mM EDTA, 1% Triton X-100) containing protease inhibitor tablets (complete TM , Roche Applied Science). Soluble protein (500 mg) was incubated with 1 mg/ml of anti-GFP monoclonal, antiFlag monoclonal, anti-GFP polyclonal, or control antibody for 6 h at 41C. Immune complexes were immunoprecipitated with protein A+G-sepharose 4B (Zymed Laboratories Inc.) overnight at 41C and washed as described previously. 52 Immunoprecipitates were subjected to 12% SDS-PAGE and separated products were immunoblotted with the anti-HSpin1 polyclonal, anti-GFP polyclonal, or anti-Flag monoclonal antibody, followed by APconjugated goat anti-rabbit or anti-mouse IgG, and then visualized with 5-bromo-4-chloro-3-indolyl phosphate/nitro blue terazolium (Sigma).
Visualization of MDC-labeled vacuoles
Autophagic vacuoles were labeled with 0.05 mM MDC by incubating cells grown on coverslips at 371C for 10 min. After incubation, cells were washed four times with PBS, immediately fixed with 4% PFA and observed under a fluorescence microscope (Olympus BXFLA) equipped with an appropriate filter system.
Starvation
Autophagy was induced by amino-acid starvation. Cells were washed three times with PBS and incubated with 1 ml Earle's balanced salts solution (EBSS) (Sigma) at 371C for 2 h. EBSS contained D-glucose, and devoid of amino acids and serum.
